GaAs has been grown on 9 and 18 A thicknesses of epitaxial Si which was grown on GaAs ( 100) substrates. The GaAs on Si interface was characterized by cross-sectional transmission electron microscopy. A 9 A thickness of Si on GaAs is pseudomorphic while 18 A of Si is relaxed. Antiphase domains ( APDs) were observed to annihilate near the GaAs on Si interface. Annihilation ocurred within 100 b; of the interface for the 9 A thickness of Si and around 1500 A for the 18-A Si case. From a detailed analysis of the APD shapes and sizes, we deduce that Ga-Ga bonds are energetically favored in the { 111) planes and that two separate APD annihilation mechanisms occur. The growth mode of epitaxial Si on GaAs was also studied by in situ high-energy electron diffraction.
I. INTRODUCTION
Growth of III-V or other compound semiconductors on Si substrates has attracted considerable attention recently because of the potential for monolithic integration of III-V optical devices with advanced Si electronic circuitry.le3 Most of these investigations have focussed on the GaAs on Si (GaAs/Si) system. A wide variety of GaAs-based devices grown on Si, particularly majority carrier devices, have shown excellent performance in spite of the inherent crystal imperfections due to the chemical, thermal, and lattice mismatch between GaAs and Si. 4 Further improvements in the GaAs crystal quality are necessary to obtain high-quality minority-carrier devices. With this goal in mind, it is important to have a thorough understanding of all of the growth related issues. We have previously shown that GaAs on pseudomorphic Si ( PM-Si) is an interesting system because it allows the GaAs/Si interface to be studied in the absence of misfit dislocations. ' In that work we found that antiphase domain ( APD) free GaAs can be grown on a mixed domain (2 X2) Si ( 100,) surface. This was attributed to anisotropic strain in the 6-A-thick PM-Si as evidenced by the transition of the (2 X 2) Si surface to a single domain (3 X 1) reconstruction under As exposure.
In practice, a Si (100) substrate misoriented a few degrees toward [Ol 1 ] is commonly used to suppress APDs (Ref. 6 ) and single domain GaAs can be obtained even on an initially dual domain Si surface after the growth of a suitable buffer layer. Two different models have been proposed to explain the growth of single domain GaAs, namely self-annihilation of APDs (Ref. 7) and mass transport at the GaAs on Si interface,* but the true mechanism of APD-free *) On leave from Shin-Etsu Handotai Co., Ltd., Gunma, Japan. w On leave from Tokyo Institute of Technology, Tokyo, Japan.
GaAs/Si growth remains unresolved. It is important to understand the behavior of APDs at the early stage of growth because the continued presence of APDs may delay the onset of two-dimensional GaAs/Si growth thereby prolonging the period in which most defects are believed to incorporate into the film.
In this work, we expand on our previous investigation of the GaAs/Si/GaAs system and present the results for the case of a thicker 9-A layer of PM-Si as well as an 18-A relaxed Si layer. In both layers the single domain (3 X 1) As:Si reconstruction is no longer observed and APDs are generated at the GaAs on Si interface. The interface was characterized by cross-sectional transmission electron microscopy (XTEM).
Also, in situ high-energy electron diffraction (HEED) was used to monitor the surfaces during both Si and GaAs epitaxy.
II. EXPERIMENT
The growth technique has been reported earlier.5 Briefly, growth was carried out in two separate Perkin-Elmer 430 MBE systems in order to minimize As contamination in the epitaxial Si. The samples remained under vacuum during the several minutes required for transfer. After the growth, the GaAs/Si interface was investigated by XTEM. The thicknesses of the epitaxial Si layers were verified by high-resolution XTEM to be 9 and 18 A. The 9-A Si layer was observed to be pseudomorphic while the 18-A-thick layer was relaxed. Specimens were cut along both the [Ol 1 ] and [Oil] foil orientations and samples were prepared by conventional ion thinning. The directions, [ 0111 and [Oil 1, were assigned by reference to the flat on GaAs substrates noting that the second-order direction is along [Ol 11 as customarily done. These assignments were then followed throughout our investigation. A Philips 400T at University of Illinois and a top entry JEOL 2000EX at Purdue University were used for the XTEM characterization.
Ill. RESULTS
A. HEED study of Si/GaAs nucleation Figure 1 shows the sequence of reconstructions observed by HEED for SVGaAs ( 100). The original GaAs buffer layers were As stabilized (2 x 4) with the fourth order along the [Oil ] azimuth. The (2 x 4) reconstruction gave way to a (3 X 2) pattern after about l/10 of a monolayer of Si deposition as shown in Fig. 1 (a) . A (4X 2) reconstruction became dominant at about l/4 of a monolayer and persisted through about 3/4 of a monolayer Si coverage [ Fig. 1 (b) 1. At this point the pattern again changed, and a ( 1 x 2) reconstruction was clearly evident at about one monolayer of coverage [ Fig. 1 (c) 1. After two or three monolayers, the ( 1 x 2) pattern gradually became (2 x 2) and remained that way with further growth.
In general, it is difficult to deduce an exact growth mechanism from HEED data. For Si/GaAs, the presence of strain and the likelihood of As segregation further complicates modeling. Our observation of a ( 1 X 2) reconstruction at roughly one monolayer of Si coverage is in agreement with previous workers. 9,10 If we assume that the initial (2 ~4) GaAs surface is described by the missing dimer model as postulated by Larsen and Chadi," then an ideal one and a quarter monolayer coverage of Si adatoms, which form dimers similar to the bulk, gives a single domain reconstruction. The reconstruction would be macroscopically single domain because only the As sublattice was initially exposed making any steps on the GaAs surface bilayer steps. The presence of the single domain ( 1 X 2) reconstruction supports the view that initial Si/GaAs epitaxy is two dimensional. The persistence of the ( 1 X 2) reconstruction from about one monolayer to two or three monolayers coverage indicates that after complete coverage of the GaAs, the Si growth is not layer by layer since this growth mode would not maintain the single domain surface. It is possible that the Si grows in a bilayer growth mode, nucleating at the double step sites which still remain from the initial GaAs surface. Growth would then proceed out along the terrace below the double step site. The eventual transition to the mixed domain (2 X 2) would then occur once these sites were exhausted since there is no overriding thermodynamics which favors single versus double steps on Si at these temperatures. coverage of PM-Si converted from a (2 x 2) reconstruction to a single domain (3 X 1) reconstruction when exposed to As. For the thicker layers studied we did not observe the (3 X 1) reconstruction; rather with As exposure, we observed a disordering of the surface and the formation of facets in the {ill} planes [Figs. 2(a) and 3(a)]. So as in the case of the 6-6; layers, exposure to As catalyzes a change in the surface, but in the cases of 9-and 18-A mass transfer results in a roughening of the surface. In the highly strained pseudomorphic 9-A Si, the mass transfer results in the formation of many facets, while in the relaxed 18-A Si layer, faceting is less evident than the overall disordering of the reconstruction.
Upon the commencement of GaAs growth, the HEED patterns indicated three-dimensional island growth similar to what is observed for GaAs on bulk Si. Growth was interrupted after the deposition of 80 b; of GaAs/Si and during the interruption an improvement was observed in the 9-A Si case. The surface reconstruction changed from dual domain (4x4) to nearly single domain (2x4) [ Fig. 2(b) ]. No change was observed in the 18-A Si case which is shown in Fig. 3(b) . When growth was continued, a single domain (2 x 4) As stabilized GaAs reconstruction was immediately evident in the 9-A Si case [ Fig. 2 (c) 1. In the 18-A Si case, a spotty (4x4) pattern indicating the presence of APDs persisted until about 1500-A GaAs was deposited when a (4 x 2) pattern began to become dominant [ Fig. 3 (c) 1. To within the sensitivity of HEED, the layers appear to be single domain once the surface smoothes and two-dimensional growth is established. In order to verify this observation, chemical etching was performed with NH, OH:H, 0, :H, 0 (Ref. 12) and no sign of APDs was found while the lattice rotation of the GaAs in the 18-A case was confirmed.
C. XTEM study of GaAs on Si interface
A necessary but not sufficient assumption of simple models of APD self-annihilation is an energetic preference of either Ga-Ga or As-As in the { Ill} planes. ' Varrio et al. claim that As-As bonds dominate at low growth temperature and Ga-Ga bonds at higher growth temperature.13 Since our layers were grown at 560 "C, we would anticipate that Ga-Ga bonds be favored. This could be experimentally verified by observing the propagation of the APD boundary to be along the { 11 I],4 planes. Figure 4 illustrates the annihilation of an APD. In this figure, A represents one GaAs sublattice and B represents the other and we treat the case in which the B sublattice eventually dominates. Assuming that Ga-Ga bonds are favored, then two of the APD boundaries would propagate along the available {lll}A planes. The other two boundaries are unable to propagate along a { 111)A plane and still self-annihilate, and would therefore have to settle for a stochiometric plane (such as the {l 10) planes) in order to minimize the number of required As-As bonds. The result would be an APD which is wedge shaped when observed from one direction, while from the orthogonal direction it would appear square in a two-dimensional XTEM photograph. In an attempt to observe these wedge shapes, XTEM specimens were prepared along both the [ 0111 and [ 07 1 ] orientations of the substrate. orientations, respectively. We found that this imaging condition is sensitive to APDs as reported by Posthill et ~1.'~ APDs, mostly 100 A or less in length, are observed to annihilate within about 100 A from the interface. Stacking faults are also evident, some of which were probably formed at the sites of facets. No misfit dislocations are seen, indicating that the 9-A Si layer is pseudomorphic to the GaAs substrate. It is difficult to observe any noticeable differences between the two foil direction since the APDs are very small. When we consider our HEED observations which indicate a dynamic interaction which enables the GaAs islands to align during the initial growth stages, we would not expect the simple selfannihilation model to be fully applicable.
Figures 6 (a) and 6 (b) are XTEM photographs of the GaAs/Si interface in the 18-A Si layer along the [ 0111 and [Oil] foil orientations, respectively. It is apparent that the APDs are much larger for the 18-A Si layer. Since the HEED data indicated that no rearrangement was occurring during GaAs epitaxy, the size of these APDs probably corresponds to the size of the initial terraces on the Si surface. Misfit dislocations are present which indicate that the 18 A of Si has relaxed at least partially and stacking faults are also evident.
We considered the shapes of the entire APD in XTEM photographs from all areas of the specimen in both foil directions. We believe that there is a clear difference between the two directions with the majority of boundaries being perpendicular to the ( 100) surface in the [Ol I] foil direction, while most are inclined in the [ 07 I] foil direction. Referring back to Fig. 4 , taking the dominant sublattice B to correspond to the (4x2) reconstruction of the bulk GaAs observed by HEED, we can identify the inclined planes unambiguously as the { 11 l]A Ga planes. To our knowledge, this is the first experimental observation to show that the Ga-Ga bonds are energetically favored over the As-As bonds leading to selfannihilation of APDs under the normal growth conditions of GaAs. Overlapping APDs, misfit dislocations, and stacking faults also increase the difficulty involved in determining the APD shapes. These factors can be minimized simply by observing through a thin area of the specimen and by using other imaging conditions. Examples are shown in Figs. 7(a) and 7 (b) . These pictures were taken from the same area as Fig. 6 (a) using the weak beam dark-field method (g = Ii 1 and 1 Ii, respectively). The weak beam method gives higherresolution image of dislocations, but APDs become invisible with the associated g vectors. Therefore, by comparing these pictures with Fig. 6(a ~1.'~~'~ This may be due to the small size of our APDs. If the APD is smaller than the foil thickness, then the electron beam will pass through the boundaries giving a more complicated contrast.
IV. DISCUSSION
We have found evidence for two different types of APD annihilation processes. The pseudomorphic 9-A Si case seems to involve a dynamic process in which adjacent islands of different domain interact through mass transfer to form a single domain. Once this process in completed, within the first 100 A or so, subsequent GaAs growth is two dimensional. The size of the APDs also yields information about their formation. Since we used nominally ( 100) GaAs substrates, the distance between steps should be of the order of hundreds or a few thousand angstroms. APDs which form as a result of single steps would then have sizes of this order. This is the case for the 18-A Si layer but the 9-A layer has much smaller APDs. The APDs also cover much less than half of the Si surface in Fig. 5 which is taken from a foil with a thickness of several hundred angstroms and is a superposition of all of the features therein. This low density and size suggests that small regions, perhaps nucleated at kink sites, are energetically stable and do not reorient themselves during the initial stages of GaAs/Si growth.
The APD annihilation observed in the relaxed 18-A Si specimen appears to be static, with the APDs annihilating according to the simple models present above and by others.',14 N% change was observed during the growth interruption after the deposition of 80-A GaAs, but eventual annihilation was observed. From Fig. 6 , we estimate that the initial coverage of the Si surface of each GaAs sublattice is roughly equal, as would be expected from the lack of interaction between the initial GaAs islands. Thus, each GaAs island is aligned with the domain of the initial (2x2) Si surface. XTEM results indicate that the annihilated domains are wedge shaped which is the consequence of preferential Ga-Ga bond formation in { 11 I},4 planes. This observation alone is insufficient to deduce the initial growth mechanism of GaAs on Si and the full behavior of APDs in that stage. Many pertinent questions remain unanswered such as what factors determine the orientation of the final single domain GaAs since each domain may dominate through Ga-Ga bonding, although the resulting wedge shapes would be 90" rotated. Also, there is much to learn of the role of steps and kinks in the formation and propagation of APDs. Questions were also raised regarding the catalytic role of As in faceting on the Si surface. The GaAs/Si/GaAs system may allow the relationship between surface faceting and the formation of stacking faults, which remain a significant problem in GaAs grown on bulk Si.
V. CONCLUSIONS
We have studied the GaAs/Si interface for GaAs grown on 9 and 18 A of epitaxial Si which was grown on GaAs (100) substrates. A 9 A thickness of Si was observed to be pseudomorphic while 18 A of Si is at least partially relaxed. APDs were observed in the GaAs grown on both Si thicknesses; however their mechanism of annihilation was quite different. In the 9-A Si layer, GaAs islands interacted dynamically and aligned themselves to form single domain GaAs with the exception of small regions. In the 18-A layer, no rearrangement was observed and the APDs appear to annihilate as a result of preferable Ga-Ga bond formation in the { 111 ]A planes.
